Introduction
A device designed to move liquids using the energy of pressurized air, inert gas or steam is called a "Pressure-Powered Pump" (PPP), "pressure motive pump" or "motor-less pump" [1] . This device enables flow of the liquid (primary fluid) by using the secondary fluid (steam, pressurized air or inert gas), which fills the pump volume periodically. In other words, the secondary fluid functions like a piston or a membrane, which pump the primary fluid.
The working cycle of the PPP has two phases ( fig. 1 ): the filling or intake period and discharge or exhaust period. During the filling period liquid (primary fluid) enters the pump vessel through an inlet check valve. The float moves upward, while the exhaust valve is opened. After having achieved high liquid level( HLL) the float-actuated device opens the secondary fluid valve and closes the exhaust valve. The secondary fluid enters the pump volume; the pressure within the vessel rises and enables the liquid from the vessel to flow through the outlet check valve. When the liquid level drops to low liquid level (LLL) the float closes the secondary fluid valve and opens the exhaust valve, so the next cycle can start. The mechanism of PPP enables reliable operation under variable operating conditions as non-electric, seal-less, and maintenance-free pumping device [2, 3] .
When the liquid pressure in the suction side of the pump is low or near by the saturation pressure, the centrifugal pumps can be exposed to cavitation. These scenarios include the following: transport or drainage of condensate in the pipelines, pressure or vacuum vessels, manholes, pits, swimming pools, wells, etc. For these cases, it is useful to consider using of PPP instead of centrifugal pumps, as the cavitation problems can be avoided.
According to the Directive 2010/31/EU of the European Parliament and of the Council of May 19, 2010, on the energy performance of buildings, the new buildings occupied and owned by public authorities have to be nearly zero-energy buildings after the end of 2018, and after the end of 2020 all new buildings will be nearly zero-energy buildings (Article 9) [4] .
The growth of energy consumption of HVAC systems is particularly significant: 50% of building consumption and 20% of total consumption in the USA [5] . The modern PPP with a precisely balanced working cycle can be used as energy saving devices [6] . This is especially prominent for the condensate return lines since the PPP does not need electrical energy to pump the condensate. Instead, the steam that is already available in the facility is used to pump the condensate back to the boiler [1, [7] [8] [9] [10] . Implementation of a condensate recovery system is a primary energy saving attempt. With this investment an owner can obtain 10 to 20% of potential energy savings in a building [11, 12] . As condensate has two to four times higher temperature than that of the makeup water, the energy savings can be realized by returning condensate to the boiler. This is recommended in cases when condensate is not contaminated in the process. Also, the lost of "blowdown water" in the steam boilers will be lower. Therefore, the following energy savings can be considered due to [7] : -less consumption of the boiler fuel as less energy is need to convert the condensate to steam, -less consumption of water treatment chemicals, and -lower costs of boiler feed-water supply.
The condensate recovery systems find their implementation in HVAC systems, as additional sources of water for the cooling towers. For instance, the condensate from the cooling coils could be collected and pumped back into the cooling tower make-up water pipeline [13, 14] . The PPP can also be used for pressure maintenance in heating system installations (expansion tanks) and for the pressure rise in the water supply systems. Using of PPP can be also beneficial in hazardous areas, or in cases of transport of aggressive and/or flammable liquids [15] .
As pump manufacturers usually provide a set of capacity curves for their pumps when handling water at different temperatures [7, 16] , the designers, field and plant engineers have to rely on available tabulated data or diagrams. On the other hand there are practically none transient data regarding PPP cycles [17] . The aim of this paper is to validate the established mathematical model of a PPP cycle by using unique experimental results and to explain the main working features.
The experimental set-up and measuring method
There are many companies worldwide that manufacture PPP; some of them are widely known and some operate only on a small scale (national markets). For our experimental investigation we used the PPP "Elephant" manufactured by the Serbian company "Traco" from Belgrade [18] .
This study was conducted in order to correlate the duration of the working cycle with the working conditions such as the pressure of the secondary fluid and pump head. The experimental set-up is schematically presented on fig.  2 . The primary fluid was water and the secondary fluid was compressed air from a compressor (1). Water was introduced into the pump vessel (2) by gravity from a tank (3). After the filling period the water from the vessel was pushed, by compressed air, back to the tank (3). Valve (4) was used for water flow rate regulation. The diameters of the inlet pipeline were: DN25, DN40, DN50, and DN80. The diameter of the outlet pipeline was DN 50. The compressor was connected to the pump vessel by a 9 mm diameter hose.
The following values were measured during the experiments: Ninety eight experimental runs were conducted and working parameters during the experimental work were as follows: -the pressure of compressed air was 2-6 bar, -the pump head was up to 6 bar, -the maximal flow rate (pump capacity) was up to V = 9 m 3 /h, -the height of the water level in the tank was h r = 880-3000 mm, and -the absolute pressure in the pump vessel was between atmospheric pressure (1 bar) and 2.5 bar. Duration of characteristic PPP periods was measured by chronometer watch, pressures were measured using manometer with Bourdon tube (class 0,6), and the heights of the water level were measured by simple metre with millimeter scale. 
Modeling of the PPP cycle
As explained before, the working cycle of the PPP "Elephant" consists of the filling period and discharge period, so parameters for these two phases have been analyzed separately.
Modeling of the pump filling period

Mathematical modeling of the pump filling period
The process of filling of the pump vessel is presented on fig. 3 . Based on the equation of continuity it follows: (3) and the mass balance equation is: The pressure drop in the inlet pipeline is: The change of the fluid level height in the tank and the pump is:
from where follows: 
Analysis of experimental results for the pump filling period
The experimental results obtained during the pump filling period were analyzed using the least squares method, taking into consideration the derived theoretical eq. (10). Monitoring of pump behavior showed that the suction duration depends on the compressed air pressure, so this parameter was included into the correlation: 
where t f C [s] is the correlated duration of the filling period and p c [bar] is the gauge pressure of the compressed air. Water level height in the tank h r was measured from the axis of the inlet pipeline. According to measurements, the parameter C depends on the diameter of the inlet pipeline and on the type of the check valve. The experimentally determined values for the constant C and the root-mean square deviation (RMSD) are given in tab. 1, and correlation field is presented in fig. 4 . Modeling of the pump discharge process
Statistical modeling of the pump intake volume
In each working cycle the pump was filled up to a specified volume. It was noticed that this filling volume mostly depends on the air pressure. Based on the statistical analysis of the experimental results, the following equation was obtained:
where
] is the correlated filling volume. The RMSD of the pump intake volume is 0.89%.
Statistical modeling of the pump discharge period
Based on the statistical analysis of the experimental results, the following equation for the discharge duration period was obtained: 
where t d C [s] is the correlated discharge period and Dp [bar] is the pump head. The correlation field for the discharge duration period is shown in fig. 5 . The RMSD of the pump intake volume is 7.80%.
Analysis of the complete working cycle of PPP
The working cycle consists of the filling and discharging period. The total duration of a working cycle is:
and the correlated time of the working cycle is calculated using eqs. (11) and (13)
The correlation field for the total duration of the working cycle is presented in fig. 6 . The RMSD of the correlated and measured values is 5.82 %.The diagram in fig. 7 shows all measured working cycles in the form of a pump head vs. capacity diagram. Pump capacity V [m 3 h -1 ] is the discharge flow rate reduced to the complete PPP working cycle. 
